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Levitated particles are a promising platform for precision sensing of external perturbations and
probing the boundary between quantum and classical worlds. A critical obstacle for these appli-
cations is the difficulty of generating nonclassical states of motion which have not been realized
so far. Here, we show that squeezing of the motion of a levitated particle below the vacuum level
is feasible with available experimental parameters. Using amplitude modulation of the trapping
beam and coherent scattering of trapping photons into a cavity mode, we explore several strate-
gies to achieve strong phase-sensitive suppression of mechanical fluctuations and discuss conditions
for preparing nonclassical mechanical squeezing. Our results pave the way to full optomechanical
control of levitated particles in the quantum regime.
Introduction.—Cavity optomechanics [1], in which op-
tical fields interact with mechanical elements via ra-
diation pressure, has a tremendous potential for sens-
ing of weak forces [2–4] and testing fundamental phys-
ical theories [5, 6]. Particularly levitated nanoparti-
cles [7–9] represent—owing to lack of clamping losses—
an interesting platform for metrology [10–12], thermo-
dynamics [13, 14], and probing the quantum–classical
boundary [15, 16] or other fundamental theories [17, 18].
Experimental techniques for cooling [19–23] and ther-
mal squeezing [24] of their center-of-mass motion, as
well as for controlling their rotations [25, 26] and libra-
tion [27, 28], have been firmly established. Despite these
efforts and results, genuinely nonclassical states of mo-
tion of levitated particles remain elusive.
Here, we propose techniques for achieving mechanical
squeezing with levitated particles and show that quan-
tum squeezing (i.e., squeezing below the vacuum level)
is feasible with state-of-the-art systems using paramet-
ric and dissipative squeezing. Both techniques have been
known in the field of optomechanics for some time [29–
31] and have successfully been used to generate non-
classical mechanical states [32–34]; crucially, they do
not rely on nonlinearities [35–37] or conditional evolu-
tion [38, 39], which makes them particularly attractive for
experiments. We show that parametric squeezing is par-
ticularly advantageous for levitated systems where it en-
ables direct modulation of the mechanical frequency. In
addition, combining parametric and dissipative squeez-
ing in a single system enables stronger suppression of
mechanical fluctuations than either technique alone.
In our proposals, we employ coherent scattering of the
trapping beam into an empty cavity mode [40, 41] in-
stead of the usual dispersive optomechanical interaction.
This technique has, so far, been used to cool the mo-
tion of trapped ions [42] and, recently, levitated parti-
cles [43, 44]; we show that it can be used for more ad-
vanced control of mechanical motion. In our case, am-
plitude modulation of the trapping field results in modu-
lation of both the trapping potential and optical spring,
resulting in strong parametric oscillations of motion with
a low instability threshold, allowing strong mechanical
squeezing to be generated. Furthermore, as coherent
scattering enables all mechanical modes to be coupled
to the same cavity mode, our results can be generalized
to multiple dimensions, serving as a first step towards
complex nonclassical states of the motion of levitated
particles.
Model.—The system is depicted in Fig. 1(a). A
nanoparticle is trapped in an optical tweezer and placed
in a cavity; scattering of tweezer photons off of the parti-
cle into the cavity mode gives rise to optomechanical in-
teraction as described by Gonzalez-Ballestero et al. [41].
The interaction Hamiltonian is related to the electric field
at the particle position R via Hint = − 12αE2(R), where
α is the particle polarizability. The electric field E(R) =
Ecav(R)+Etw(R) consists of two components describing
the field inside the cavity and of the tweezer, respectively.
The square of the cavity field, E2cav(R), gives rise to the
usual dispersive optomechanical coupling which we ne-
glect in the following since it is much weaker than the
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Figure 1. Generating mechanical squeezing by coherent
scattering. (a) Experimental setup, in which photons from
the trapping beam are scattered off of a nanoparticle into
an empty cavity mode. (b) Tools for creating mechanical
squeezing: Using a cavity field with a suitable detuning from
the tweezer (top) and amplitude modulation of the trapping
field at twice the mechanical frequency (bottom). (c) Start-
ing from an initial thermal state (Wigner function shown on
top), one can create a thermal squeezed state (middle) or even
a quantum squeezed state (bottom). The large dotted circle
represents the variance of the initial thermal state, the smaller
dashed circle shows the shot noise level.
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2coupling mediated by coherent scattering. The square
of the tweezer field, E2tw(R), describes the trapping po-
tential which is—for small displacements—harmonic. Fi-
nally, their cross term, Ecav(R) · Etw(R), describes co-
herent scattering.
In general, all three center-of-mass modes of the par-
ticle will be coupled to the cavity field by coherent scat-
tering. We will, however, focus on one motional mode
only; the remaining mechanical modes can be decoupled
from the cavity field by using suitable polarization of the
tweezer and positioning of the particle within the stand-
ing wave of the cavity. In this regime, the dynamics are
described by the Hamiltonian (see Supplemental Mate-
rial for details [45]; ~ = 1)
H = ∆c†c+
ωm
2
(x2 + p2)− λ(c+ c†)x. (1)
Here, the free evolution of the cavity mode c is writ-
ten in a frame rotating with the tweezer frequency and
∆ = ωcav − ωtw is the detuning between the cavity reso-
nance ωcav and the tweezer frequency ωtw. The particle
is confined in a harmonic trap with frequency ωm and
its motion is described by the dimensionless position and
momentum quadratures with [x, p] = i. Finally, their
interaction takes a form reminiscent of the standard lin-
earized dispersive optomechanical coupling and is charac-
terized by the rate λ. To account for decoherence effects,
we describe the dynamics using Langevin equations
c˙ = −(κ+ i∆)c+ iλx+
√
2κcin, (2a)
x˙ = ωmp, p˙ = −ωmx− γp+ λ(c+ c†) + ξ, (2b)
with cavity decay rate κ and mechanical damping rate
γ. The stochastic noise operator cin is the usual delta-
correlated cavity input vacuum noise, 〈cin(t)c†in(t′)〉 =
δ(t − t′), and the thermal noise operator ξ satisfies
〈ξ(t)ξ(t′)〉 = 2γ(2n¯ + 1)δ(t − t′) with n¯ characterizing
the average thermal occupation of the mechanical bath.
Adiabatic elimination of cavity dynamics.—As a first
step, we assume a simple scenario where the cavity de-
tuning is large compared to other system parameters. In
this regime, the cavity remains unpopulated and only
indirectly affects the mechanical motion; it can thus be
adiabatically eliminated from the dynamics. The particle
motion is then characterized by the effective Hamiltonian
Heff =
1
2ωeff(x
2 + p2) − ζeff(x2 − p2) with the effective
oscillation frequency ωeff = ωm − ∆λ2/(κ2 + ∆2) and
squeezing parameter ζeff =
1
2∆λ
2/(κ2 + ∆2). The in-
teraction with a far-detuned cavity field thus turns the
particle into a parametric oscillator. The adiabatic elim-
ination also reveals the effect of the cavity input vacuum
noise; its role is found from the Langevin equation
p˙ = −(ωeff−2ζeff)x−γp+ξ+ 2λ
√
κ
κ2 + ∆2
(κXin+∆Yin), (3)
where we introduced the noise quadratures Xin = (cin +
c†in)/
√
2, Yin = −i(cin−c†in)/
√
2 [45]. In the limit of large
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Figure 2. Mechanical squeezing generated with a detuned
cavity. (a) Squeezing degree η (light blue) and squeezed vari-
ance Vsq (dark red) versus time for the parameters λ/ωm =
0.3, κ/ωm = 0.1, Qm = ωm/γ = 10
6, n¯ = 104, ∆ = 5ωm;
these values correspond to the parameters in recent experi-
ments on cooling by coherent scattering [43, 44] except for
a smaller cavity decay rate (by a factor of 5 compared to
Ref. [43]) which is necessary to limit cavity input noise. (b)
Squeezing plotted for coupling at the instability threshold
λth ≈ 1.15815ωm (solid lines); the dashed lines show the
squeezing degree and squeezed variance for coupling just be-
low the threshold, λ/ωm = 1.58. (c) Squeezed variance opti-
mized over time as a function of the initial temperature of the
mechanical mode for the parameters from panel (a) (solid line)
and at the instability threshold (dashed). The initial mechan-
ical state is the thermal state with variance V0 = 2n¯0 + 1; in
panels (a,b), we assume precooling to the mechanical ground
state, n¯0 = 0. The horizontal dotted lines in all panels show
the vacuum variance.
detuning, ∆ κ, the coupling to the cavity input noise
can thus be approximated by the term (2λ
√
κ/∆)× Yin;
moreover, ωeff ≈ ωm − λ2/∆, ζeff ≈ 12λ2/∆.
To find the resulting squeezing, we solve the Lyapunov
equation for the covariance matrix of the mechanical
mode as described in the Supplemental Material [45]. We
thus obtain the covariance matrix at any given time; di-
agonalization of the submatrix describing the mechanical
covariances reveals the variance of the squeezed and an-
tisqueezed quadratures, denoted by Vsq, Vasq. We then
quantify the noise distribution by the ratio of the two
quadratures (which we call the squeezing degree in the
following), η = Vsq/Vasq, so that presence of squeezing
corresponds to η < 1. To further distinguish between
classical and quantum squeezing, we are also interested
in the value of the squeezed variance Vsq; value below
the vacuum level, Vsq < 1, implies nonclassical squeezed
states.
We plot the resulting squeezing versus time in Fig. 2
(a); the system parameters are similar to recent demon-
strations of cooling via coherent scattering [43, 44] (see
figure caption for details). Nonclassical squeezing puts
extremely stringent conditions on the system parameters,
requiring precooling the mechanical motion to its quan-
3tum ground state and stronger coupling than what is cur-
rently available. Stronger squeezing is generally possible
with a larger coupling rate; the maximum is reached at
the onset of dynamical instability [Fig. 2(b)]. This occurs
when the first term on the right-hand side of Eq. (3) van-
ishes, which is achieved for λth =
√
ωm(κ2 + ∆2)/2∆.
Up to this point, the squeezed variance (achieved in the
middle of the first oscillation period) decreases with grow-
ing coupling, reaching its minimum at the onset of insta-
bility. Afterwards, the variance grows with time below
threshold; above threshold, it reaches a quasistationary
value. (Note that the squeezing degree is gradually de-
creasing; this implies that the antisqueezed variance con-
tinues to grow until the large fluctuations cause the par-
ticle to escape the trap.) The optimum squeezing as a
function of the initial mechanical occupation is shown
in Fig. 2(c). Although quantum squeezing is generally
possible, realistic experimental parameters (and realistic
amounts of precooling) allow only for thermal squeezing
with Vsq > 1.
Trapping field modulation.—Strong parametric squeez-
ing without added noise can be achieved when the me-
chanical spring constant is modulated at twice the me-
chanical frequency. This situation can be achieved when
the amplitude of the trapping beam, E0 (assumed con-
stant so far), is modulated as E0(t) = E0[1+α cos(2ωmt+
φ)] with depth α ∈ R and phase φ. Moving to the ro-
tating frame with respect to the free mechanical oscil-
lations Hm =
1
2ωm(x
2 + p2) and invoking the rotating
wave approximation results in the parametric oscillations
Hpar =
1
4ωmα(αb
†b+ b2eiφ + b†2e−iφ) [45]. The strength
of the parametric squeezing is now fully controlled by the
modulation depth α.
Adiabatic elimination of the intracavity field (under
the large-detuning assumption) now requires more care
since the coupling is modulated as well, λ(t) = λ[1 +
α cos(2ωmt + φ)]. Using the approach outlined in the
Supplemental Material, we obtain the effective Hamilto-
nian [45]
Heff =
ωeff
2
(x2 +p2)+
ζeff
2
[cosφ(x2−p2)−sinφ(xp+px)]
(4)
with effective frequency ωeff = [ωm∆α
2−2λ2(α+α2)]/4∆
and squeezing parameter ζeff = α(ωm∆− 2λ2)/2∆. The
optical input noise can be included in the dynamics via
the effective Langevin equations
x˙ = ωeffp− ζeff(x sinφ+ p cosφ) + λ
√
κ
∆
Xin, (5a)
p˙ = −ωeffx− ζeff(x cosφ− p sinφ)− γp+ ξ + λ
√
κ
∆
Yin.
(5b)
Formally, the dynamics are similar to the previous case
with two important distinctions: First, the modulation
phase φ allows us to choose which mechanical quadra-
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Figure 3. Mechanical squeezing with tweezer modulation.
(a) Effective mechanical frequency ωeff (solid blue line) and
squeezing ζeff (dashed red line) versus modulation depth
α. For small modulation depths, the effective frequency
is negative, ωeff < 0, and becomes positive for α & 0.25.
(b) Time-dependence of the squeezing degree η (light blue)
and squeezed variance Vsq (dark red) for stable (solid lines;
α = 0.02) and unstable (dashed; α = 0.04) dynamics. (c,d)
Squeezed variance optimized over time as a function of the
initial mechanical occupation n¯0 (c) and modulation phase
(d); the solid and dashed lines are for the same values of α as
in panel (b). System parameters are the same as in Fig. 2(a)
with φ = pi/2 for panels (b,c) and n¯0 = 0 for panels (b,d).
ture will be squeezed, permitting squeezing in a quadra-
ture which is minimally coupled to external noise sources.
Second, parametric modulation of the mechanical fre-
quency allows, owing to the reduced effective mechanical
frequency, for stronger squeezing to be observed.
The resulting squeezing is investigated in Fig. 3. A
comparison of the effective mechanical frequency ωeff and
squeezing ζeff [panel (a)] reveals the advantage of using
tweezer modulation: a greatly reduced instability thresh-
old. With feasible experimental parameters [equal to
those used in Fig. 2(a)], the instability (characterized by
|ωeff | = ζeff) occurs for the modest modulation depth of
α & 0.037; this enables stronger squeezing as exemplified
in panel (b). The optimum squeezing is further analyzed
in panels (c,d) as a function of the initial temperature
of the mechanical mode n¯0 and the modulation phase φ.
Strong quantum squeezing is possible above the insta-
bility threshold for a broad range of initial temperatures
owing to the strong quasistationary squeezing achievable.
This result is, however, dependent on an optimization of
the modulation phase φ which determines how the op-
tical and mechanical input noise is distributed between
the squeezed and antisqueezed quadratures.
Adding dissipative squeezing.—One final improvement
is possible when the cavity mode is resonant, allowing
more photons to be scattered. When we choose the de-
tuning ∆ = ωm and work with a sideband resolved sys-
tem (such that κ  ωm), the overall Hamiltonian be-
comes (with the cavity mode described in the rotating
4frame with respect to Hcav = ∆c
†c = ωmc†c) [45]
Hint =
ωmα
4
(β2 + β†2 − αβ†β)− λeff(βc† + β†c). (6)
Here, we introduced the mechanical Bogoliubov mode
β = (2b + αb†)/
√
4− α2 (with φ = 0 for simplicity; our
numerical simulations show that the phase does not affect
the resulting squeezing) and the effective coupling rate
λeff = λ
√
(4− α2)/8. The optomechanical interaction
[the second term in Eq. (6)] thus cools the Bogoliubov
mode β to its ground state [31], resulting, unlike the two
previous methods, in steady-state mechanical squeezing.
We analyze the attainable squeezing in Fig. 4. When
the modulation depth is increased [panel (a)], the amount
of squeezing increases as the system approaches instabil-
ity; at its onset, the squeezed variance is minimized. The
squeezing degree η is largely unaffected by thermal noise;
the squeezed variance Vsq can, for sufficiently weak ther-
mal noise, be smaller than
√
(2− α)/(2 + α), which is
the value of Vsq obtained by cooling the Bogoliubov mode
β to its ground state. Additionally, the minimum vari-
ance shown here Vsq,min ≈ 0.33 < 12 , demonstrating that
the 3 dB limit, which applies to parametric squeezing in
the steady state, can be surpassed as well. These results
thus confirm that parametric and dissipative squeezing
interfere constructively, resulting in stronger squeezing
than can be achieved with each method alone. The op-
timum mechanical squeezing (i.e., squeezing obtained at
the onset of instability) is further analyzed in Fig. 4(b,c).
The scheme is resilient against thermal noise with ther-
mal decoherence rates of up to γn¯/ωm ≈ 0.1 allow-
ing squeezing below the vacuum level [panel (b)]. Fi-
nally, there is a nontrivial dependence between the cho-
sen coupling rate and optimal cavity decay rate [panel
(c)]; larger coupling rates require faster cavity decay to
achieve optimal cooling performance. The coupling rate
is thus limited since we require a sideband resolved sys-
tem, κ ωm, to justify the rotating wave approximation
employed to obtain Eq. (6).
Discussion and conclusions.—Similar results could, in
principle, be achieved also with conventional dispersive
optomechanics using modulation of the tweezer ampli-
tude and two-tone driving of the cavity, but our ap-
proach offers several advantages: Since both the opti-
cal potential and optomechanical interaction are derived
from the tweezer field, their relative phase—crucial for
efficient squeezing—is automatically locked; additionally,
absorption heating of the particle is reduced since a sin-
gle optical beam provides both trapping and coupling to
the cavity field. The most promising advantage, how-
ever, lies in the prospect of coupling multiple mechanical
modes via their interaction with a single cavity mode. A
straightforward generalization of our schemes should al-
low the creation of two-mode squeezing between two mo-
tional modes of the particle; in this context, we note that
both parametric [47] and dissipative [48] two-mode me-
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Figure 4. Dissipative and parametric mechanical squeezing.
(a) Squeezing degree η (light blue) and squeezed variance Vsq
(dark red) versus modulation depth. Solid lines show results
for n¯ = 104, dashed curves are for n¯ = 106. The dot-dashed
line shows the squeezing variance Vsq =
√
(2− α)/(2 + α) one
gets by cooling the Bogoliubov mode β to its ground state. (b)
Squeezed variance Vsq optimized over the modulation depth
as a function of the thermal noise floor n¯. (c) The optimized
squeezed variance versus the sideband ratio κ/ωm for λ/ωm =
0.3 (solid) and λ/ωm = 0.5 (dashed). The system parameters
are κ/ωm = 0.2, λ/ωm = 0.3, Qm = ωm/γ = 10
6.
chanical squeezing have been realized in optomechanical
systems. In the long term, full quantum control of mo-
tion should be possible, first in the Gaussian (via linear
coupling of all three motional modes to the same cav-
ity mode) and later in the non-Gaussian regime (when
nonlinear optomechanical interactions or mechanical po-
tentials are added [49–52]).
In conclusion, we demonstrated that strong squeezing
of motion of levitated particles is possible in state-of-the-
art systems. With a combination of parametric amplifi-
cation (achievable by modulating the trapping beam) and
dissipation (using a cavity mode to cool down a mechani-
cal Bogoliubov mode), squeezing below the vacuum level
is possible in the steady state; even stronger squeezing,
albeit in the transient regime, is possible with paramet-
ric amplification alone. Unlike existing proposals, our
unconditional strategy relies on coherent scattering of
tweezer photons into the cavity [43, 44], demonstrating
the potential of coherent scattering as a general tool for
controlling the motion of levitated particles. With the
prospect of engineering interactions between mechanical
modes via coherent scattering, our work thus presents an
important step towards full quantum control of motion
of levitated particles.
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INTERACTION HAMILTONIAN
We consider a nanoparticle (radius r  λ) trapped using an optical tweezer perpendicular to an optical cavity as
shown in Fig. 1 of the main text. The total Hamiltonian of such a system is given by
H = Hpart +Hfield +Hint. (S1)
The first term, Hpart = P
2/2m, describes the free Hamiltonian of a particle with momentum P and mass m. Second,
Hfield = ωcc
†c accounts for the cavity field (annihilation operator c, angular frequency ωc). Finally,
Hint = −1
2
αE2(R, t) (S2)
characterizes the interaction between the fields and the particle motion; here α is the nanoparticle polarizability and
E(R, t) the electric field at the particle position R [8].
In order to evaluate the interaction Hamiltonian in terms of the field modes, we decompose the electric field into
the tweezer and cavity components, E(R, t) = Etw(R, t) +Ecav(R, t), so we obtain
Hint = −1
2
α[E2tw(R, t) +E
2
cav(R, t) + 2Etw(R, t) ·Ecav(R, t)]. (S3)
For a Gaussian trapping beam and small displacements, the square of the tweezer field gives the harmonic potential [8]
V =
∑
j
1
2
mω2jR
2
j (S4)
with frequencies determined by the strength of the field, mass and polarizability of the particle, as well as geometric
properties (waist and Rayleigh range) of the tweezer. The square of the cavity field gives, in a similar manner, the
conventional dispersive coupling between the particle and the cavity field [8]
Hom = −g0(X cos θ + Y sin θ)c†c. (S5)
Here, X and Y describe the displacements along and perpendicular to the tweezer polarization and θ is the angle
between the tweezer and cavity polarizations.
Optomechanical interaction that originates from coherent scattering is described by the product of the cavity and
tweezer fields; we obtain [41]
Hsc = −λ cosφ(c+ c†)− (λxX cos θ + λyY sin θ) sinφ(c+ c†)− iλzZ cosφ(c− c†), (S6)
where φ specifies the position of the particle within the standing wave of the cavity. Particularly, cavity nodes are
characterized by cosφ = 0 and antinodes by cos2 φ = 1. The relative strength of the interactions λx,y,z can thus
be tuned by controlling the particle position and polarization of the tweezer field. Using parallel tweezer and cavity
polarizations (cos θ = 1) and placing the particle at a node of the cavity field (sinφ = 1), we can cancel coupling
to the y and z modes. The total Hamiltonian describing the interaction between the particle motion (along x only)
and the cavity field is then given by Eq. (1) of the main text with λx replaced by λ. Note that we work with the
dimensionless position and momentum x = X/xzpf , p = Px/px,zpf and that the dispersive optomechanical interaction
vanishes at a cavity node (where coherent scattering is maximized).
8ADIABATIC ELIMINATION OF CAVITY DYNAMICS
Starting from the equations of motion for the particle and cavity field,
c˙ = −(κ+ i∆)c+ iλx+
√
2κcin, (S7a)
x˙ = ωmp, p˙ = −ωmx− γp+ λ(c+ c†) + ξ, (S7b)
we can formally integrate the dynamical equation for the cavity. If we assume that the cavity detuning characterizes
the fastest time scale in the dynamics, we obtain the result
c(t) =
1
κ+ i∆
(iλx+
√
2κcin). (S8)
Plugging this expression back into the equation of motion for the particle momentum yields
p˙ = −ωmx− γp+ 2∆λ
2
κ2 + ∆2
x+
2λ
√
κ
κ2 + ∆2
(κXin + ∆Yin) + ξ, (S9)
where we defined the vacuum noise quadratures Xin = (cin + c
†
in)/
√
2, Yin = −i(cin − c†in)/
√
2. The interaction with
the cavity field thus gives rise to the effective Hamiltonian
Heff =
ωm
2
(p2 + x2)− ∆λ
2
κ2 + ∆2
x2 =
ωeff
2
(x2 + p2)− ζeff(x2 − p2), (S10)
which we rewrote in terms of the effective mechanical resonance frequency ωeff = ωm−∆λ2/(κ2 + ∆2) and squeezing
ζeff =
1
2∆λ
2/(κ2 + ∆2).
AMPLITUDE MODULATION OF THE TWEEZER
Further options for controlling the motion arise when the amplitude of the tweezer field is modulated with depth
α ∈ R, frequency Ω, and phase φ as Etw(t) = E0[1 + α cos(Ωt + φ)]. Since the trapping potential is given by the
square of the tweezer field, ωm ∝ E2, and the optomechanical interaction is linear in the tweezer field, λ ∝ E, the
modulation modifies the Hamiltonian according to
H =
ωm
2
p2 +
ωm
2
[1 + α cos(Ωt+ φ)]2x2 + ∆c†c− λ[1 + α cos(Ωt+ φ)]x(c+ c†). (S11)
To adiabatically eliminate the cavity dynamics in this case, we move to the rotating frame with respect to Hm =
1
2ωm(p
2 + x2). The cavity mode then obeys the equation of motion
c˙ = −(κ+ i∆)c+
√
2κcin +
iλ√
2
[1 + α cos(Ωt+ φ)](be−iωmt + b†eiωmt), (S12)
where we introduced the mechanical annihilation operator b = (x+ ip)/
√
2. This equation can be integrated formally,
assuming b evolves slowly on the time scale of the cavity dynamics (given by ∆). We thus obtain
c(t) =
√
2κ
∫ t
0
dτ e−(κ+i∆)(t−τ)cin(τ) +
iλ
2
[1 + α cos(Ωt+ φ)]
(
be−iωmt
κ+ i(∆− ωm) +
b†eiωmt
κ+ i(∆ + ωm)
)
. (S13)
Plugging this result into the equations of motion for the particle, assuming Ω = 2ωm and ∆ ωm, κ, and employing
the rotating wave approximation, we get
x˙ =
ωm∆α
2 − 2λ2(2 + α2)
4∆
p− ωm∆α− 2λ
2α
2∆
(x sinφ+ p cosφ)− λ
√
2κ sin(ωmt)(c˜in + c˜
†
in), (S14a)
p˙ = −ωm∆α
2 − 2λ2(2 + α2)
4∆
x− ωm∆α− 2λ
2α
2∆
(x cosφ− p sinφ) + λ
√
2κ cos(ωmt)(c˜in + c˜
†
in). (S14b)
Here, c˜in =
∫
dτ e−(κ+i∆)(t−τ)cin(t) is the optical input noise filtered by the cavity.
9To bring the optical noise into the standard delta-correlated form, we employ the usual definition of the input field
cin(t) = (1/
√
2pi)
∫
dω e−iωtc0(ω), where c0(ω) is the initial state of the external mode c(ω) at time t = 0. We can
then write
c˜in(t) =
1√
2pi
∫
dω
∫
dτ e−(κ+i∆)(t−τ)e−iωτ c0(ω) ≈ − i√
2pi∆
∫
dω e−iωtc0(ω) = − i
∆
cin(t). (S15)
Defining a rotating-frame noise operator c¯in = cine
iωmt, we can now write (employing the rotating wave approximation)
sin(ωmt)(c˜in + c˜
†
in) = −
i
∆
eiωmt − e−iωmt
2i
(c¯ine
−iωmt − c¯†ineiωmt) = −
1
2∆
(c¯in + c¯
†
in) ≈ −
1√
2∆
X¯in, (S16a)
cos(ωmt)(c˜in + c˜
†
in) ≈
1√
2∆
Y¯in. (S16b)
Eqs. (S14) can thus be simplified to
x˙ =
ωm∆α
2 − 2λ2(2 + α2)
4∆
p− ωm∆α− 2λ
2α
2∆
(x sinφ+ p cosφ) +
λ
√
κ
∆
X¯in, (S17a)
p˙ = −ωm∆α
2 − 2λ2(2 + α2)
4∆
x− ωm∆α− 2λ
2α
2∆
(x cosφ− p sinφ) + λ
√
κ
∆
Y¯in. (S17b)
These equations are identical to Eqs. (5) of the main text with the noise operators X¯in, Y¯in replaced by Xin, Yin; since
their correlation properties are identical, this replacement does not affect our numerical analysis.
PARAMETRIC AND DISSIPATIVE SQUEEZING
To squeeze the mechanical motion dissipatively, we start from the Hamiltonian for modulated tweezer, Eq. (S11),
and move to the rotating frame with respect to the free Hamiltonian H0 =
1
2~ωm(p
2 + x2) + ~∆c†c. We thus obtain
Hint =
ωmα
4
(b2e−i(2ωmt−Ωt−φ) + b†2ei(2ωmt−Ωt−φ)) +
ωmα
2
16
(4b†b+ b2e−2i(ωmt−Ωt−φ) + b†2e2i(ωmt−Ωt−φ))
− λ√
2
(bce−i(ωm+∆)t + bc†e−i(ωm−∆)t + b†c†ei(ωm+∆)t + b†cei(ωm−∆)t)
− λα
2
√
2
[bce−i(ωm+∆)t(ei(Ωt+φ) + e−i(Ωt+φ)) + bc†e−i(ωm−∆)t(ei(Ωt+φ) + e−i(Ωt+φ)) + H.c.];
(S18)
in deriving this expression, we applied the rotating frame to neglect terms oscillating as e±i(2ωm+Ω)t, e±2iωmt and
similar. With the choice Ω = 2ωm, ∆ = ωm and using the rotating wave approximation, the interaction Hamiltonian
can be further simplified to
Hint =
ωmα
4
(b2eiφ + b†2e−iφ) +
ωmα
2
4
b†b− λ√
2
[(
b+
α
2
b†e−iφ
)
c† +
(
b† +
α
2
beiφ
)
c
]
=
ωmα
4
(β2 + β†2 − αβ†β)− λ
2
√
4− α2
2
(βc† + β†c).
(S19)
In the second line, we introduced the mechanical Bogoliubov mode β = (2/
√
4− α2) × (b + 12αb†) and took φ = 0
without loss of generality.
NUMERICAL METHODS
To estimate the mechanical squeezing numerically, we find the covariance matrix of the system by solving the
Lyapunov equation [46]
V˙ = AV +VAT +N. (S20)
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The covariance matrix has the elements Vij = 〈rirj+rjri〉−2〈ri〉〈rj〉 with r = (X,Y, x, p)T and the cavity quadratures
X = (c+ c†)/
√
2, Y = −i(a− a†)/√2. For the dynamics described by Eqs. (2) in the main text [see also Eqs. (S7)],
the drift and diffusion matrices are given by
A =

−κ ∆ 0 0
−∆ −κ √2λ 0
0 0 0 ωm√
2λ 0 −ωm −γ
 , N = diag[2κ, 2κ, 0, 2γ(2n¯+ 1)]. (S21)
For the evaluation of mechanical squeezing, only the submatrixVm describing the mechanical covariances is relevant,
which can be obtained from the block form
V =
(
Vcav VC
VTC Vm
)
(S22)
with 2 × 2 blocks Vi. The amount of squeezing and antisqueezing is found by diagonalizing this matrix with the
variances of the squeezed and antisqueezed quadratures given by
Vsq = min eig(Vm), Vasq = max eig(Vm). (S23)
The presence of squeezing is in general characterized by η = Vsq/Vasq < 1; nonclassical squeezing is present for Vsq < 1.
